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Abstract 
We grow carbon nanotube forests on piezoelectric AlN films and fabricate and characterize 
nanotube-based solidly-mounted bulk acoustic wave resonators employing the forests as the 
top electrode material. The devices show values for quality factor at anti-resonance of ~430, 
and at resonance of ~100. The effective coupling coefficient is of ~6%, and the resonant 
frequencies are up to ~800 MHz above those observed with metallic top electrodes. AlN 
promotes a strong catalyst-support interaction, which reduces Fe catalyst mobility, and thus 
enforces the growth of forests by the base growth mechanism.  
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There exists nowadays an increasing need of developing chemical sensors suitable for 
real-time detection of gaseous species
1,2
 (e.g. in breath-based diagnosis
3
 or in high-
temperature engine combustion
4
). Among them, label-free gravimetric sensors, using acoustic 
wave technologies
1
, are the most promising options. They offer real time detection and high 
sensitivity, and can be integrated into complex devices at a low cost. One of the most 
common types of these sensors is the high-frequency bulk acoustic wave resonators, which 
consist of a thin film piezoelectric material (typically AlN)
5,6
 sandwiched between two 
metallic electrodes (e.g. Mo, W, Au, or Pt) to which a microwave (RF) signal is applied.
1
 To 
maximize the gravimetric sensing performance, the top electrode should exhibit low mass, as 
the sensor response is a detection of the electrode mass variation. It is also desirable to 
maximize the contrast between the acoustic impedances of the AlN film and those of the 
electrodes. This allows confining the acoustic energy in the AlN and hence improving the 
overall device performance. In this letter, we report the fabrication and characterisation of 
electroacoustic resonators using carbon nanotube (CNT) forests as top electrode.  
One of the drawbacks of currently-used metallic top electrodes is their limited area for 
sensing. This, along with the fact that the mass density of aforementioned metals is high (10–
20 g cm
-3
) and induces a high mass loading for the resonators, warrants the investigation of 
alternative materials such as nanotube forests. Unaligned, tangled tubes have already been 
suggested for similar applications, but the potentiality of forest highly-ordered morphology 
and nanotube vertical alignment remains unexplored.
7-9 
Forests exhibit not only high surface 
area, but also low mass densities (as low as ~0.10 g cm
-3
). They would allow a much lower 
mass loading for a resonator, even for tubes lengthening several tens of micrometers.
10
 The 
weight of the top electrode would thus become controllable by varying the area density, 
length, nanotube wall number.
11,12 
Additionally, as nanotubes can be easily functionalized,
13-
17
 the top electrode could also serve as a sensing layer. These features envisage that forest 
integration into resonators would make vertically-aligned CNTs a suitable top electrode 
material also acting as a sensing layer.     
The fabrication of nanotube-based resonators requires fully controlling CNT growth 
on AlN, but this material has been poorly investigated as nanotube catalyst support.18 Herein, 
we demonstrate forest growth directly on AlN by chemical vapour deposition (CVD) in a 
simple processing step, and explain why this is possible. Using these forests, we fabricate 
nanotube-based, solidly-mounted bulk acoustic wave resonators. We study their resonant 
characteristics and determine values for quality factor at anti-resonance, Qa, of ~430, and at 
resonance, Qr, of around 100. The effective coupling coefficient, keff
2
, is of around 6%, and 
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the resonant frequencies, fr, are up to ~800 MHz above those observed with metallic top 
electrodes and the same piezoelectric film thicknesses.  
To obtain these results, we fabricate resonators with an AlN film (100 nm thick) 
deposited on an acoustic reflector in order to minimize the losses of acoustic energy to the 
substrate.
19
 The substrate is Si(100) coated with its native oxide. Figure 1a shows a typical 
cross-section scanning electron microscopy (SEM) view of a solidly-mounted resonator with 
the top electrode made of forests. The reflector consists of five alternating layers of SiO2 (450 
nm) and Mo (520 nm), low and high acoustic impedance materials respectively. The thickness 
of each layer of the reflector is a quarter of wavelength (λ/4), being the wavelength the ratio of 
the sound velocity in the film and the working resonant frequency. The thickness is adjusted 
for a reflection band centred at a frequency of ~2.5 GHz for longitudinal mode. The bottom 
electrode is an evaporated film of Ir (120 nm). The catalyst (1 nm Fe) is deposited on 
patterned areas of the AlN, which define the nanotube-based top electrode (height ~50 m), as 
shown in Figure 1(b). The modulus of impedance at different frequencies is plotted in Figure 
1(c). The resonators yield a repeatable electrical response, similar to devices with metallic top 
electrodes. To extract the parameters of the devices, we fit the values following the Mason’s 
model (i.e. we evaluate the propagation of acoustic waves through a layered structure 
considering reflections due to acoustic impedances mismatches and the wave interaction with 
the piezoelectric layer).
20
 The quality factor values at resonant and anti-resonant frequencies 
are assessed by fitting the electrical impedance responses of the resonators with the modified 
Butterworth van Dyke model.
21
 For their calculation, we use:  
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where r and a are the resonant and anti-resonant angular frequencies, Lm is the motional 
inductance, and Rs, Rm, and R0 are the series, motional, and loss resistances. The effective 
coupling coefficient is calculated using: 
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where fa is the anti-resonant frequency. The devices achieve keff
2
 in the range of ~6%. The 
typical fr value is found to be ~3500 MHz. This value is about 800 MHz above of that found 
using metallic top electrodes and same AlN thickness. At this fr, we determine Qa values of 
about 430 and Qr values of up to 100. Finally, the series resistance, RS, averages values of 
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~33 Ω. The 800 MHz shift is strongly correlated to the geometry of the device (mainly the 
thickness of the piezoelectric layer and those of the electrodes) as well as to the properties of 
the electrode materials. In comparison to metallic electrodes (active area is 2500 m2), the 
active area of the forest top electrode (3-walled tubes, 7 nm diameter, 50 m length, and area 
density of 51011 CNTs cm-2) has increased up to seven orders of magnitude, whilst the 
electrode weight has diminished up to 3-fold, regardless of the fact that the electrode height 
changes from 120 nm (e.g. Mo) to 50 m (nanotubes). Both active area and electrode mass 
can be further scaled by varying the properties of the tubes (area density, wall number, 
length, and tube diameter).
22-24 
Additionally, as the tubes can easily be chemically 
functionalized,
25
 a forest top electrode could bond targeted species, which would allow 
dramatically enhancing the selectivity of a sensor. This would increase the possibilities of 
label-free gas detection (biological or non-biological species) depending of the designed 
affinity reaction.  
 The overall results suggest our devices are useful for the manufacturing of gravimetric 
sensors. The keff
2
 value of ~6% is comparable with those obtained using a Mo or Ir top 
electrode. However, for fully integrating CNTs top electrode, the RS should be lowered, close 
to that of ~2 Ω observed for metals. High resistive electrodes introduce high RS and, 
consequently, worsen Qr and make the frequency detection more difficult (since Qr is 
inversely proportional to RS, Eq.1). Herein, the relatively high values of RS are related to the 
high sheet resistance of the tubes. It may be improved by increasing the nanotube area density, 
although this may also influence the electrical static capacitance of the devices.
26
 Higher area 
densities will also improve Qa, which currently average ~650 for metallic electrodes. Another 
option to reduce RS could be to deposit a conductive interlayer on top of AlN. Several metals 
and compounds (e.g. W, Ir, Mo, TiSiN, doped-Si)
27-30 
allow direct forest growth, and so would 
reduce the contact resistance while the electrode weight is still low. 
Further growth investigations prove it is feasible to tailor forest properties. Forest 
growth optimization will lead to the required values of Qa, Qr, and RS. As Figure 2 shows, 
various thicknesses of Fe (0.4, 0.6, 0.8, 1.0, and 1.2 nm) yield forests over a wide range of 
CVD conditions (temperature: 650, 700, and 750 ºC, pressure: 1 bar of Ar:H2 (1000:500 
sccm), growth: 4, 7, or 10 sccm of C2H2 for 10 min), Figures 2(a)-(d). For instance, using 10 
sccm of C2H2 at 650 ºC, the 0.8 nm Fe yields tubes of ~100 m in length, Figures 2(a) and 
2(c). At 700 ºC but 4 sccm C2H2, 0.8 nm Fe yield longer tubes of ~300 m, Figures 2(b) and 
2(d). Transmission electron microscopy shows the tubes have a diameter of 122 nm and 4-7 
6 
 
walls, inset of Figure 2(b).The nanoparticles formed at these two temperatures appear to have 
same dimensions and number density, Figures 2(e) and 2(f), suggesting the difference in tube 
length is related to growth conditions only. Using the weight gain method,
10
 we determine that 
the area density of the forests ranges from 1.211011 CNTs cm-2 (0.5 nm Fe, 650 ºC, 4 
sccm C2H2) to 7.810
11
 CNTs cm
-2
 (0.8 nm Fe, 750 ºC, 4 sccm C2H2). 
X-ray photoemission spectroscopy (XPS), with same set up and fitting procedures as 
previously reported,
27
 reveals the growth of forests on AlN is related to Fe bonding N and Al 
which stabilizes the Fe nanoparticles, Figure 3. We argue this interaction is crucial to induce 
nanotube vertical alignment on AlN, and hence to grow tubes usable as top electrode in 
resonators. We analyse the samples after 1 nm Fe deposition and after 5, 20, 30 and 90 min 
vacuum annealing at 700 °C. For the as-deposited AlN samples coated with 1 nm of Fe (t=0), 
the Al 2p spectrum possesses three components: metallic Al (72.6 eV, red), AlN (73.6 eV, 
yellow), and Al2O3, (74.6 eV, grey), Figure 3(a).
31
 The intensity of the AlN component is 
much greater than that of the oxide or the metallic components. After the deposition of 1 nm 
Fe, and subsequent annealing for 5, 20, 30, and 90 min, the total intensities decrease, which is 
expected due to Fe coverage. After annealing (t=5 or beyond), the metallic Al component is 
nearly vanished, but the other Al 2p lineshapes do not change significantly. Similar 
conclusions are withdrawn from the N 1s spectrum, Figure 3(b). As-deposited AlN and 
coated with 1 nm Fe shows three main components: NO (~400 eV, red) and AlOxNy (398.7 
eV, green),
32
 and AlN (397.1 eV, yellow).
31
 After the first annealing (t=5), the oxides 
components nearly vanished and it appears a new component at 396.6 eV and associated to 
Fe-N (grey).
31
 This component reveals an interface reaction between Fe and AlN support. 
Both, the Al-N and the Fe-N components appear to be unaffected after annealing for 20, 30, 
or 90 min.  
From the Fe 2p core level, it is also clear the interaction AlN-Fe at their contact 
interface, Figure 3(c). After 1 nm Fe deposition (t=0), the spectrum presents the Fe
3+
 (711.3 
eV, solid green) and its satellite (718.9 eV, green stripes) components (related to ambient 
exposure). Upon annealing for 5, 20, 30 or 90 min, both components disappear and the 
spectra are now characterized by three new components: Fe
+2
 (710.6 eV, solid blue line), its 
satellite peak (715 eV, blue stripes), and Fe-N at 707 eV,
33
 as already observed in the N 1s 
core level spectra. We note the Fe-N component increases with increasing the annealing time, 
and argue this component is responsible for nanoparticle stabilisation and inducement of 
nanotube vertical alignment and forest growth. Finally, the Fe reduction is also visible in the 
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O 1s spectra, Figure 3(d). The peak associated with Fe2O3 after deposition (~530 eV), 
vanishes after first annealing, while the component associated with FeO (~531.1 eV) tends to 
increase.  
The nature of the AlN-Fe interaction is analogue to that in Al2O3-Fe. Having a 
comparable Pauli electronegativity (3.04 for N and 3.44 for O),
34
 nitrogen atoms induce the 
stabilization of Fe via an Al-N-Fe covalent bonding (as determined by XPS and verified by 
long annealing times). A metal-nitrogen covalent bond can be formed either by π donation 
from the N to metals, or by σ-back donation from metal to nitrogen. It is also necessary a 
sufficient supply of d-orbitals unoccupied in the transition metal, which exists in high 
oxidation state. Two chemical configurations appear to be possible for this: Al-N-Fe and Al-
N2-Fe, but our XPS data shows Al-N-Fe is the predominant complex. This is likely related to 
the overlap of orbitals of nitrogen and metal.
35
 N2 has two unpaired electrons available in the 
π- and π*-orbitals. However, the N-N π*-bond becomes weaker upon interaction of metal and 
N2 electronic orbitals. The metal-nitrogen-metal effectively stabilizes forming a polar 
covalent metal-nitrogen bond, which we argue stabilizes the catalyst nanoparticles on the 
AlN substrate.  
We also prove nanoparticle stabilisation by interrupted growth.
36
  After 0.7 nm Fe 
deposition and annealing, we flow 4 sccm of C2H2 for 1 min, stop for 10, and flow again for 
10 min. The carbon source interruption creates a two-layer forest with a thicker layer at the 
bottom (due to longer growth time), Figure 4(a). The thin top layer (at the top) is the one 
grown for 1 min. These results confirm both nanoparticle Fe immobilisation on AlN and base 
growth mechanism of the tubes. Base growth mechanism assures a good mechanical adhesion 
and electrical contact between the forests and the AlN underneath. The surface energy of AlN 
plays a key role in the formation and stabilisation of Fe nanoparticles. By density functional 
theory calculations (same as previous),
29 
we confirm that the surface energy of AlN is higher 
than that of Al2O3. We calculate the crystalline 1000 and amorphous surfaces using an ultra-
soft pseudopotential with cut-off energy of 380 eV. The surface is cleaved from the Al-
terminated <1000> direction because its surface energy is lower than that of N-terminated. 
To allow surface reconstruction, we use 2 and 3supercells. A 15 Å thick vacuum is 
inserted to eliminate the image charge interaction. The slab thickness is 20 Å, which is 
enough to screen the interface interaction from each other. The central 10 Å slab part is fixed 
in order to simulate the bulk case. A 21 Monkhorst-Pack grid is used for integration in 
reciprocal space. These parameters give a total energy convergence of less than 0.01 eV. The 
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residual force is less than 0.02 eV Å
-1
 for geometry optimization. While Al2O3 exhibits an 
average value of ~100 meV Å
-2
, AlN shows a value of ~189 meV Å
-2
, Figure 4(b). High 
surface energy supports minimize the interfacial energy by strongly bounding the particles.  
In summary, we have demonstrated the fabrication of nanotube-top-electrode 
electroacoustic resonators. The performance is comparable to that obtained on devices 
consisting of two metallic electrodes, and it can further improved by optimizing the CNT 
properties. Forests can increase the active area of the electrode several orders of magnitude, 
decrease the mass loading by up to a factor of five, and could also be functionalized for 
selective sensing. Since AlN promotes a strong catalyst-support interaction, the Fe catalyst 
particles exhibit reduced mobility and the forests grow by the base growth mechanism. The 
devices are of potential use in chemical and biological gravimetric gas sensors and hence 
open up prospective applications of forests.  
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FIG 1. (a) Side-view SEM image of a solidly-mounted electroacoustic resonator with the top 
electrode made of a nanotube forest. (b) Optical image of a nanotube-based top electrode 
resonator. (c) Electrical responses of nanotube-based and metallic top electrode resonators.  
 
FIG 2. Side-view SEM images of nanotube forests grown on AlN using 0.8 nm Fe. The 
growth conditions for (a) and (c) are 650 ºC and 10 sccm of C2H2, while for (b) and (d) are 
700 ºC and 4 sccm of C2H2. (e) and (f) are respectively the seeding catalyst nanoparticles. 
Conditions for pretreatment are: 650 or 700 °C, 5 min in 1 bar Ar:H2 (1000:500 sccm).   
 
FIG 3. (a-d) are Al 2p , N 1s, Fe 2p, and O 1s XPS core level spectra. The spectra are 
collected in situ at 5, 20, 30, and 90 min of annealing (indicated at the right-hand side of each 
image). 
 
FIG 4. (a) Interrupted growth conditions on AlN. The arrows indicate the interface separation 
between both periods of growth. (b) Atomic structure of (1000) Al-terminated AlN 22 
reconstructed surface by DFT simulation (Al: pink, N: blue). 
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Figure 2 
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Figure 3 
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Figure 4 
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